Background: Regional low-flow perfusion is an alternative to deep hypothermic circulatory arrest, but whether regional low-flow perfusion improves neurologic outcome after deep hypothermic circulatory arrest in neonates remains unknown. We tested neurologic recovery after regional low-flow perfusion compared with deep hypothermic circulatory arrest in a neonatal piglet model.
Results: There were no significant differences between groups during cardiopulmonary bypass. Postoperative neurobehavioral scores were abnormal in 25% (2/8) of the regional low-flow perfusion animals versus 88% (7/8) 
Conclusions:
Regional low-flow perfusion decreases neuronal injury and improves early postoperative neurologic function after deep hypothermic circulatory arrest in neonatal piglets.
T he overall morbidity and mortality of infants undergoing repair of complex congenital heart defects has declined in recent years because of refinements in surgical technique, cardiopulmonary bypass (CPB), and preoperative and postoperative care. However, these patients still remain at risk for both transient and irreversible neurologic injury. Infants undergoing hypothermic CPB and deep hypothermic circulatory arrest (DHCA) are especially prone to neuropsychiatric insult; some authors 1 report an incidence as high as 25%. Adverse neurologic outcomes include both early postoperative seizures and electroencephalogram abnormalities, in addition to later cognitive impairments such as expressive speech disorders, impaired visual-spatial-motor skills, attentiondeficit/hyperactivity disorder, and other learning disabilities. 2, 3 Although the etiology is probably multifactorial, evidence suggests that both CPB and DHCA may contribute to injury. In particular, DHCA is associated with ischemic/ reperfusion injury and altered cerebral metabolism during recovery, which not only may cause injury but also may predispose the brain to additional insults in the postoperative period. 4 The exact mechanisms responsible for injury remain to be elucidated. Despite this, some clinicians have implemented alternatives to DHCA, such as low-flow CPB, intermittent CPB, retrograde cerebral perfusion, and antegrade cerebral perfusion.
Recently, several institutions have advocated the use of antegrade regional low-flow perfusion (RLFP). This technique is used at the beginning of DHCA by advancing the aortic cannula into the innominate artery or polytetrafluoroethylene graft, occluding the aortic arch vessels, and maintaining pump flow at a low rate, thereby maintaining brain perfusion while limiting whole-body perfusion. 5, 6 The advantages of RLFP include the use of pump equipment/ cannulas already being used for CPB, the ease of conversion from CPB, the minimization of blood in the surgical field by perfusion of only a relatively small portion of the body, the maintenance of cerebral oxygenation, and the possible mitigation of reperfusion injury. Possible disadvantages include the risk of emboli during cannula manipulation and flow-induced injury. Although several clinical and experimental reports cite the relative benefits of RLFP, whether RLFP prevents neurologic injury in the neonatal brain has not been established. In this study, we hypothesized that RLFP improves neurologic recovery by reduction of neuronal injury compared with DHCA in a neonatal piglet model.
Methods

Experimental Setup
Twenty-one 2.1-to 3.2-kg, 2-to 5-day-old neonatal piglets were studied according to a protocol approved by the Institutional Animal Care and Use Committee of the Joseph Stokes Research Institute in compliance with the Guide for the Care and Use of Laboratory Animals prepared by the National Academy of Sciences and published by the National Institutes of Health (National Institutes of Health publication no. 96-03, revised 1996). The animals were anesthetized and mechanically ventilated. Noninvasive monitoring included electrocardiogram, pulse oximetry, blood pressure cuff, and a nasopharyngeal temperature probe. The animals were then randomly assigned to receive CPB with either DHCA or RLFP.
Surgical Protocol
Invasive monitoring included an epidural temperature probe placed through a 2-mm burr hole in the temporal region of the skull and an arterial catheter placed into the superficial femoral artery. Animals underwent left thoracotomy, and both arch vessels and descending aorta were dissected out. After heparinization (400 U/kg), the carotid artery and external jugular vein were cannulated with a 14-gauge arterial angiocatheter and a 10F venous cannula through a left cervical incision. Those animals undergoing RLFP also received a 5F double-lumen catheter introduced into the left carotid in the cephalad direction for both cerebral perfusion and monitoring of cerebral perfusion pressure.
Perfusion and Recovery Protocol
The CPB circuit consisted of a primary circuit, membrane oxygenator, and arterial filter. A secondary ultrafiltration circuit consisting of a hemofilter perfused with blood from the arterial line of the primary circuit and returned to the venous line. The pump was primed with crystalloid, donor porcine blood (500 mL of whole blood), furosemide (1 mg/kg), heparin (1000 U), sodium bicarbonate (20 mEq), 25% human albumin (60 mL), 10% calcium chloride (1-8 mL), and dexamethasone (30 mg/kg). After cannulation, the animal was placed on CPB at 100 mL · kg Ϫ1 · min Ϫ1 . Conventional ultrafiltration via the secondary circuit was used to maintain a prearrest hematocrit between 24% and 27%. Alpha-stat principles were used for blood gas management. The animal was cooled to a brain temperature of 18°C over 20 minutes. At the beginning of the arrest period, the arch vessels and descending aorta were occluded, and cardioplegia consisting of a modified Krebs solution was administered (20 mL/kg). Maintenance doses (10 mL/kg) were given every 30 minutes. The animals remained arrested for 90 minutes. Animals in the RLFP group underwent continuous perfusion (10 mL · kg Ϫ1 · min Ϫ1 ). After DHCA, the animals were rewarmed to at least 33°C over 30 minutes. Mannitol (125 mg/kg) was administered at 27°C. The heart was defibrillated as necessary. After rewarming, the animals were weaned from CPB and underwent 15 minutes of modified ultrafiltration via the secondary bypass circuit. Modified ultrafiltration was maintained at a rate of 30 mL · kg Ϫ1 · min Ϫ1 and a mean blood pressure of 40 to 50 mm Hg. After extubation, animals were placed into an oxygenated incubator (oxygen 4 L/min) for at least 24 hours until they could tolerate room air with normal saturations. Animals that required postoperative hydration received either crystalloid solution intravenously or tube feeding of milk-replacement formula.
Neurologic Assessment
The neurobehavioral score was determined on postoperative days 1, 3, and 7 by a trained observer blinded to group assignment. The neurologic performance score is based on both behavioral and neurologic examination and ranges from 0 (no deficit) to 90 (brain death), as shown in Table 1 . 7 On postoperative day 7, the animals were killed, and the cortex was perfused with 1 L of saline followed by 1 L of 4% paraformaldehyde at 4°C. The brain was removed in toto, placed in 4% paraformaldehyde for 4 hours, and then transferred to phosphate-buffered saline. Because our previous study had shown that both hemispheres were comparably perfused by unilateral carotid perfusion at the currently used RLFP rates, the left hemisphere was cut in 5-mm coronal sections, processed, and embedded in paraffin. 8 Five-micrometer sections were cut from blocks and mounted onto slides.
Histologic injury was assessed by using routine and apoptosisspecific staining. Although several areas of the brain, including the deep central gray matter and basal ganglia, are susceptible to ischemic injury, the hippocampus and neocortex have been shown to demonstrate the most neuronal injury 1 week after DHCA in neonatal piglets. 9 Specifically, the CA1 to CA4 regions of the hippocampus and all layers of the neocortex were examined by a neuropathologist blinded to group assignment. Routine staining consisted of hematoxylin and eosin (H&E). Neuronal damage was identified by changes indicative of neuronal injury, including 1 or more of the following: hyperchromatic and shrunken nuclei, cytoplasmic eosinophilia, and karyorrhectic nuclei. Apoptosis via DNA fragmentation was detected by using the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate-biotin nick-end labeling (TUNEL) technique with a commercially available kit (In Situ Cell Death Kit; Roche, Indianapolis, Ind). Positive controls (piglet thymus tissue) and negative controls (without terminal deoxynucleotidyl transferase) were performed with each assay. Histopathologic scores were determined on the basis of a semiquantitative analysis of the relative percentage of damaged neurons: 0 ϭ no damage to 4 ϭ diffuse damage (Table 2) . Each section received a separate score for the cortex and hippocampus, which then determined an overall score for both H&E and TUNEL sections.
Statistical Analysis
Differences between the treatment (RLFP) and control (DHCA) groups were tested by using the Wilcoxon rank sum test. The experimentwise error rate for the study was held constant at the ␣ ϭ .05 level across all 5 comparisons, with each of the 5 tests conducted at the adjusted ␣ ϭ .02 level using the algorithm of Tukey, Ciminera, and Heyse for adjustments of multiple, highly correlated comparisons.
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Results
All 21 animals completed the surgical protocol without technical complications. Four of 12 animals in the DHCA group and 1 of 9 animals in the RLFP group died between postoperative days 0 and 3. Because the degree of neuronal injury could have been influenced by the cause of death and because the cause of death could not be determined in these animals, they were excluded from the study. In the remaining 16 animals, there were no significant differences in preoperative body weight (DHCA, 2.57 Ϯ 0.30 kg; RLFP, 2.61 Ϯ 0.33 kg), and there were no preoperative neurobehavioral deficits. During the surgical protocol, no significant differences existed between groups in arterial blood gases, hematocrit, brain temperatures, glucose, hemodynamics, or duration between phases of bypass (Table 3) .
Both groups showed neurobehavioral deficits after recovery. On postoperative day 1, however, the RLFP group neurobehavioral scores were significantly better than those of the DHCA group, with a median score of 0.0 (range, 0-5) versus 12.5 (range, 0-52) in the DHCA group (P Ͻ .01). The scores were not statistically different on postoperative days 3 and 7. Specifically, only 2 (25%) of 8 animals in the RLFP group demonstrated detectable neurologic injury, which consisted of minimal ataxia on postoperative day 1. In both cases, deficits resolved by postoperative day 3. The remaining RLFP animals showed no deficits on any postoperative day. In contrast, 87.5% (7/8) of the DHCA group demonstrated neurologic impairments. Deficits in the DHCA group varied on postoperative day 1 from no deficit in 1 animal to a clouded level of consciousness and inability to stand in the most severely injured animal. Most deficits were composed of clouded consciousness, ataxia, and failure to drink or explore. In this group, the deficits resolved by postoperative day 7, except for the most severely affected animal. 
CSP
Histopathologic injury by H&E staining was present in both groups. Injured neurons appeared either with karyorrhectic nuclei, as an intensely eosinophilic "dead red neuron," or with necrosis. In general, damaged neurons in the neocortex appeared in isolated clusters of cells in the deep layers of the gray matter (layers 4 and 5), interspersed between normal cells equally distributed throughout the hemisphere. Neuronal injury in the hippocampus was seen in all sectors (CA1-4) to a variable degree and consisted mostly of dead red neurons in the pyramidal cell layer. The pattern of injury was similar in both groups and was present in all animals, with a median of 2.0 (range, 1-4) in the RLFP group and 3.5 (range, 1-4) in the DHCA group (P ϭ .08).
Neuronal injury by TUNEL staining was also present in both groups. TUNEL-positive neurons generally mirrored the location of necrotic neuronal injury seen on H&E sections. In contrast to necrotic neuronal injury, TUNEL-positive cells were generally observed as isolated cells interspersed among normal neurons; diffuse clusters of TUNELpositive cells were present in only the most severely injured animals. Again, in the hippocampus, the most injury occurred in a sparse distribution along the pyramidal cell layer except for the most severely injured animals. Overall, significant apoptosis was demonstrated in 37.5% of animals receiving RLFP (3/8) compared with 87.5% (7/8) in the DHCA group. The degree of apoptosis was significantly less in the RLFP group, with a median of 0.0 (range, 0-1) in the RLFP group and 2.5 (range, 0-4) in the DHCA group (P ϭ .03). Table 4 summarizes the results for neurobehavioral, histopathologic, and apoptotic scores.
Discussion
Despite the instrumental role of DHCA in the success of congenital heart surgery, DHCA has been the focus, in recent years, of increasing concern regarding its long-term neurologic sequelae. The exact mechanism for neurologic injury remains unknown, but the degree of injury likely stems from patient-specific factors coupled with perioperative environmental influences such as the type of support used during operation (DHCA or continuous CPB), use of hemodilution, degree of cooling, type of blood gas management, and independent patient factors. 11, 12 Although DHCA provides a bloodless surgical field, facilitating surgical repair and decreasing the duration of blood exposure to the bypass circuit, most clinicians would agree that minimizing the duration of DHCA would be beneficial.
Many therapeutic interventions have been proposed to prevent or minimize neurologic injury during DHCA, with promising early results. Specifically, antegrade RLFP mitigates the need for DHCA while minimizing the exposure of the entire body to significant flows of CPB. Swain and colleagues 13 determined that flows as low as 10 mL · kg
Ϫ1
· min Ϫ1 were adequate to maintain cerebral high-energy phosphates during low-flow CPB. Later, Asou and colleagues 5 described a modification of a low-flow CPB technique with either direct cannulation of the innominate artery or cannulation of the tetrafluoroethylene graft and snaring of the aortic arch vessels during aortic arch repairs. By either method, regional perfusion is obtained by an easy conversion from CPB and provides a relatively bloodless field. Pigula and associates 14 demonstrated that both the cerebral blood volume index and cerebral oxygen saturation measured by near-infrared spectroscopy could be maintained to prebypass levels by using this technique. The same authors reported evidence that RLFP could provide somatic circulatory support. 15 To date, several clinical studies not only have demonstrated the feasibility of maintaining cerebral oxygenation, but also have shown that RLFP was associated with no early clinically evident adverse neurologic events. 14, 16, 17 With these promising clinical results, we began an initial effort to understand the physiology and mechanisms of RLFP by using a modification of a well-described animal model of DHCA. In a previous experiment, we used oxygen-dependent phosphorimetry to illustrate that microvascular oxygen tension (the oxygen available at the tissue level in the cortex) is maintained by RLFP and in fact improved during recovery in a piglet model of DHCA. 8 It is interesting to note that improved recovery applied only to moderate levels of flow (20 mL · kg Ϫ1 · min Ϫ1 ), whereas higher levels of flow (40 mL · kg Ϫ1 · min Ϫ1 ) were detrimental. With these initial physiologic results, we undertook this study to discover whether RLFP offers an improvement in neurologic recovery compared with DHCA in neonates.
The findings in this study support the hypothesis that RLFP decreases neuronal injury and improves early postoperative neurologic function compared with DHCA in neonatal piglets. The patterns of histologic injury and neurologic recovery seen in our DHCA control group were similar to those found by other investigators. In contrast to the consistent neurologic injury seen in DHCA animals, postoperative neurologic recovery in animals receiving RLFP was significantly better than in controls on postoperative day 1. It is interesting to note that there were no statistically significant differences in the degree of neuronal injury as demonstrated by the H&E stains, as opposed to the TUNEL stain. This discrepancy could be due to several possible etiologies. First, the degree of necrosis may be influenced by CPB and hypothermia, in addition to DHCA, to which both groups were equally subjected. For example, microembolic phenomena may have occurred during any phase of CPB (including RLFP), causing neuronal injury indistinguishable from injury sustained during DHCA by postoperative day 7. Second, it is possible that, although RLFP and DHCA produce similar degrees of cellular necrosis, DHCA and subsequent reperfusion may be a relatively stronger stimulus of apoptosis compared with RLFP. Third, it is possible that we were not using the optimal conditions for RLFP.
In fact, the optimal conditions for the conduct of RLFP in terms of cerebral vascular resistance and its effects on flow rate and pressure remain to be determined. Cerebral vascular resistance can be manipulated with the use of vasodilators or gas management strategies. Alpha-stat was used in this study during cooling, RLFP (or DHCA), and rewarming because this is the primary blood gas strategy at our institution and in some recent clinical studies of RLFP. However, in DHCA, a pH-stat strategy used during cooling has been shown to provide a protective effect. The relative acidosis of the pH-stat strategy increases cerebral blood flow and oxygen-hemoglobin dissociation, decreases oxygen demand, and improves cerebral cooling. 18, 19 Using pH stat during RLFP, however, implies the use of higher flow rates to maintain adequate cerebral oxygenation that may cause flow-induced injury. Thus, the superiority of one CO 2 strategy over the other with RLFP remains unclear.
Even within the use of a single gas strategy, the optimal flow rate remains unclear. In this study, we chose an RLFP flow rate of 10 mL · kg Ϫ1 · min Ϫ1 with a perfusion pressure of 26 Ϯ 0.3 mm Hg. We chose this flow rate because it approximated the perfusion pressure that maintained cerebral microvascular oxygen tension in our previous experiment with a flow rate of 20 mL · kg Ϫ1 · min Ϫ1 through the innominate artery with alpha-stat principles. 8 Clinically, the indecision regarding flow strategy is apparent; a broad range of flow rates are reported from 10 to 100 mL · kg Ϫ1 · min Ϫ1 . 14, 20, 21 Measurement of cerebral blood volume and relative oxygen saturation by using near-infrared spectroscopy or of cerebral blood flow by using transcranial Doppler imaging may provide some guidance for optimizing RLFP flow rates, but its accuracy in this setting has yet to be determined by either laboratory or clinical studies.
In addition, the mechanisms of apoptotic neuronal death are poorly understood. Our study and others have demonstrated apoptosis occurring within several days after DHCA. [22] [23] [24] What remain to be determined are the exact mechanisms after DHCA that initiate apoptosis, possible therapeutic interventions, and even the role of RLFP in delivering apoptotic inhibitors. The experimental design of this study has some limitations. As previously described, a 90-minute circulatory arrest time was used. Although this duration of DHCA may be longer than the average reported duration of DHCA in clinical settings, in other studies that used this animal model, an extended period of arrest was necessary to produce a consistent and reproducible level of neuronal injury. 9, 18, 23, 24 Clinically, differences between RLFP and DHCA may not be readily pronounced, as this study suggests. Also, we analyzed only 1 time point in the course of neurologic recovery and thus could not quantitate the complex role of the cortical remodeling and white matter injury that occurs after cerebral insult as the brain matures. Finally, we did not specifically measure the time-dependent removal of apoptotic cell remnants. Although apoptotic cell density peaks at approximately 72 hours after ischemic injury, substantial fractions of apoptotic cells remain at 7 days. In this model, we assumed that the measured degree of apoptosis at 7 days was proportional to the peak apoptotic activity in both groups. This assumption has yet to be proven.
Conclusion
Despite advances in congenital heart surgery, infants subjected to DHCA remain at risk for poor neurologic outcome. RLFP is a promising neuroprotective strategy. This study suggests that RLFP improves neurologic recovery and attenuates apoptotic neuronal death as compared with DHCA. However, the optimal conditions for regional low-flow bypass remain to be determined.
Discussion
Dr Jason S. Sperling (Charlottesville, Va). Did you expect any deaths of the piglets in the circulatory arrest group? I think I noticed there were more in the circulatory arrest group than the low-flow perfusion group; how do you think that affected your interpretation of your results? Dr Myung. Since we used a chronic animal model, we did expect some attrition. In a previous study using 90 minutes of circulatory arrest, we had an attrition rate below 20%. The much higher attrition rate in the arrest group in this study was not expected. However, I do not believe this affected our interpretation of the results, since we did not use survival between groups as a measure of outcome and only 7-day survivors were included in the analysis.
Dr W. Randolph Chitwood, Jr (Greenville, NC). How is this different from in adults?
Dr Myung. There are some data suggesting that, at least in the neonatal piglet brain, there is a rapid and large amount of cortical remodeling. Whereas regional low-flow perfusion in adults is not as promising, the degree of remodeling and the amount of injury that the neonatal brain can sustain make this and other neuroprotective interventions more promising in neonates.
Dr Chitwood. Do you think it is species specific? Dr Myung. Yes, there is that possibility. The neonatal piglet is less susceptible to ischemic and reperfusion injury, given the fact that they can survive 90 minutes of circulatory arrest, and at least certain animals sustain no detectable neurologic injury whatsoever.
Dr Chitwood. Obviously the pigs cannot talk and think and be depressed. And I guess they are, but we do not get the chance to really discuss it with them.
You have shown some pretty interesting data. So low-flow hypothermia is much better? Do you think it is totally protective? Dr Myung. It is not totally protective, because there was low-level neurologic injury even in the regional low-flow perfusion group.
What is significant in this study is that the amount of apoptotic injury was significantly less. While the mechanisms of neuronal injury remain poorly understood, it is likely that animals subjected to deep hypothermic circulatory arrest may be more prone to apoptotic injury triggered by ischemia and reperfusion.
Dr Jakob Vinten-Johansen (Atlanta, Ga). Have you used microspheres to look at the distribution of flow in the brain? Is it homogeneous within all areas of the brain? Dr Myung. No, we have not done a microsphere study. But we did do a previous study looking at microvascular oxygen tension and showed that generally all areas of the cortices were well perfused at both 20 and 40 mL · kg Ϫ1 · min Ϫ1 . Dr Vinten-Johansen. What mechanisms do you think are involved in the avoidance of injury? Is the mechanism a simple providing of oxygen? Is it avoiding oxygen radical generation? Is it avoiding the inflammatory response and neutrophil-mediated injury? Do you have any idea? Dr Myung. We did not investigate the mechanisms of injury in this study, but we suspect that the degree of ischemia and reperfusion injury, which is a well-known pathway of injury, is attenuated by using regional low-flow perfusion.
Dr Y. Joseph Woo (Philadelphia, Pa). As you mentioned, it is sort of interesting that you have extensive necrosis and apoptosis pathways going on here, and I was interested in whether or not you had any insights, perhaps not in these studies, but just in general, as to the timing of your apoptosis pathways. Did you look at bcl-2 levels or any of the other caspase activations or anything? Is this something that is happening later on, or is this all related? Dr Myung. Dr Kurth and colleagues from our institution did a study looking at the actual time progression of necrotic and apoptotic injury. It is obvious that a large wave of necrosis and apoptosis will follow after the initial insult, but they showed that apoptotic injury was sustained for at least 7 days after the surgery.
To answer your second question, we are just beginning to look at caspase expression and activation in this model, but we do not have any results yet.
Dr Gerald D. Buckberg (Los Angeles, Calif). It is a very interesting study relating to the fact that if you are going to have a brain without a blood supply, perfusion is better than ischemia at the same temperatures.
I am intrigued with the apoptosis on a couple of levels. These are healthy animals, and I think that gives you a little bit of a vision of what would happen if this were an unhealthy animal vis-à-vis somebody after bypass who had hemodynamic instability. It is possible that you might accelerate the damage. And you are looking at a cell that is potentially going to die, and you might comment or speculate on what would happen if you added on more injury from inadequate cardiac output, or have you separated some of these studies to see in animals that had some hemodynamic instability if that was a worse lesion? Dr Myung. We didn't look into other factors that may predispose the animal to apoptotic injury, but certainly postoperative factors can contribute significantly to neurologic injury. Especially in the neonatal population, cyanosis may predispose the infant to apoptotic injury, and no one has looked at that yet.
Dr Jian Ye (Winnipeg, Manitoba, Canada). I have a question regarding technique. Basically low-flow sounds like antegrade cerebral perfusion, so you control the flow at the 10 mL · kg Ϫ1 · min Ϫ1 , and did you measure the pressure? Dr Myung. Yes, we did use antegrade perfusion and measured the pressure. The perfusion pressure was 26 mm Hg at 10 mL · kg Ϫ1 · min Ϫ1 . We chose that flow rate for several reasons. Swain and colleagues showed that, in the setting of low-flow bypass, 10 mL · kg Ϫ1 · min Ϫ1 was sufficient to maintain high-energy phosphates in the brain. In a subsequent study, we showed that with innominate artery perfusion, 20 mL · kg Ϫ1 · min Ϫ1 maintained microvascular oxygen tension in the brain. In the current study, since we were perfusing a single carotid, we believed that 10 mL · kg Ϫ1 · min
Ϫ1
would be adequate, and that resulted in a perfusion pressure of 26 mm Hg, which was nearly equivalent to the perfusion pressure from our previous study. Dr Ye. Did you clamp the right side of the carotid artery? Dr Myung. We clamped the aortic arch vessels, which in a pig would be the innominate and left subclavian arteries, so just about everything that we were perfusing through the left carotid was going into the brain.
Dr Ye. You did say that in the low-flow circulatory arrest group, you had 4 piglets that actually died between day 0 and day 3. How many animals reached day 7? That is including your neurologic assessment. Dr Myung. We had 16 survivors through the entire week to day 7, 8 survivors in each group.
